The microphase-separating behaviors of two types of star-diblock copolymers (A x ) 4 (B y ) 4 and (A x B y ) 4 in thin films are studied using the simulation technique of dissipative particle dynamics. A variety of ordered mesostructures have been observed and the simulated phase diagrams show obvious symmetries for the (A x ) 4 (B y ) 4 films and asymmetries for the (A x B y ) 4 films, besides, it is easier for the (A x ) 4 (B y ) 4 than for the (A x B y ) 4 to carry out microphase separation under the same conditions, which has been recognized in bulk and can be ascribed to the structural difference between the two types of star copolymers. There are some correspondences between the mesostructures formed in the film and those formed in bulk at the same composition fraction. Decreasing the thickness of film and strengthening the A-B repulsion both help the mesostructures enhance the degree of order. Composition fraction dependences of the mean-square radius of gyration in the two types of star copolymer films are almost contrary, which can be attributed to the differences in their respective structures. These findings can provide a guide to designing novel microstructures involving star-diblock copolymers via geometrical confinement.
I. INTRODUCTION
Block copolymers have attracted extensive attention due to their ability to microphase-separatation into various ordered mesostructures, such as lamellas, rods, spheres and bicontinuous structures [1, 2] , which lead to novel properties and wide applications [3, 4] . The microphase-separating behavior can be controlled not only by varying the composition of the block copolymer but also by introducing external geometrical confinement to the system. More and more efforts based on theoretical analysis and computer simulation have been made to understand phase-separation behaviors of block copolymers in thin films.
As for diblock systems with one-dimension confinement, Angerman et al. investigated how AB diblock copolymer films depend on the A-B repulsion, the fraction of A monomers, the film thickness, and the preference of the films for the A monomers by a weak segregation mean-field approach [5] . Fasolka et al. pre- sented an analysis of the morphological behavior of substrate-supported diblock copolymer films through self-consistent-field (SCF) calculations [6] . By means of similar method, Pickett and Balazs determined the equilibrium morphology of symmetric diblock copolymer films confined between hard and smooth plates [7] . Matsen [8] , Tang and Witten [9] subsequently examined this system while additionally including the possibility of mixed-orientation or hybrid morphologies. Aimed at symmetric diblock copolymers in thin films, Geisinger et al. compared the results separately from SCF calculations and Monte Carlo (MC) simulations [10, 11] . Recurring to dynamical-density-functional theory (DDFT), MC simulation, and cell-dynamic-system (CDS) method, Feng et al. considered the self-assembly behaviors of symmetric [12] and asymmetric [13] diblock copolymers in thin films followed by a further study on the effect of coarse-graining scale [14] .
In the case of diblock systems with two-dimension confinement, most attention has been paid on cylindrical systems, for example, He et al. investigated the morphologies of diblock copolymer melts confined in cylindrical tubes selective for one of the blocks by MC simulations [15] . Through the density-functional theory (DFT), Sevink et al. identified a stacked-disk macro domain normal to the tube axis for neutral or almost neutral walls, and circular lamellae parallel to the tube surface for strong preferential interactions with one of the blocks [16] . Chen et al. used lattice MC simulations to investigate the effect of sur-face field on the morphology of a symmetric diblock copolymer under cylindrical confinement [17] . By a simulated annealing method, Yu et al. explored equilibrium morphologies of cylinder-forming asymmetric diblock copolymers confined in cylindrical pores [18] . Li et al. extensively studied the phase diagram of a diblock copolymer melt confined in a cylindrical nanopore using real-space self-consistent mean-field theory [19] . Feng and Ruckenstein employed MC simulations to identify the morphologies of symmetrical diblock copolymer melts under the confinement of nanocylindrical tubes [20] . Afterwards they examined morphology transitions in symmetrical and asymmetrical diblock copolymer melts confined in nanocylindrical tubes by similar way [21] . Feng et al. first investigated these systems through a relatively new-developed mesoscopic simulation technology-dissipative particle dynamics (DPD) [22] . Xiao et al. made by MC simulations a direct comparison between the morphology transitions in diblock and triblock copolymers confined between flat and curved surfaces [23] . Heckmann and Drossel investigated by SCF theory the microphases of diblock copolymers confined in a thin film with walls interacting with the polymer chains, which focused on the possible structures of copolymers that form cylindrical phases in the bulk [24] .
Besides, there have been a few studies dealing with three-dimension confinement [15, 25, 26] . However, much less attention, even in the simplest case of onedimension confinement, has been paid to confined nonlinear block copolymers, of which the simplest molecular model is a star copolymer consisting of three arms attached to a junction point. Recently by selfconsistent field theory (SCFT), Han et al. studied the microphase separation and morphology of startriblock copolymers confined between two identical parallel walls, in which the morphology of confined nearsymmetric star-triblock copolymers under symmetric and asymmetric interactions as a function of the film thickness and the surface field was particularly focused on [27] . Thus it is valuable and highly expected to investigate the microphase-separating behaviors of confined star-diblock copolymers, which can help us gain an insight into and make use of better.
In general, there are two types of star-diblock copolymers denoted by (A x ) n (B y ) n and (A x B y ) n respectively, schematically shown in Fig.1 . An (A x ) n (B y ) n star copolymer is constructed by joining n identical linear A x B y diblock copolymers together at their A-B junction points, while an (A x B y ) n is at the A chain ends. Therefore, an (A x ) n (B y ) n star copolymer has 2n arms, each of the n arms contains x A monomers and each of the other n arms contains y B monomers, while an (A x B y ) n star copolymer has n arms and each arm is a whole linear A x B y diblock chain. Our previous study [28] on their microphase-separating behaviors in bulk has disclosed that the simulated phase diagrams show similar ordered mesostructures as those of corre- sponding linear and cyclic ones, such as lamellas, perforated lamellas, hexagonal cylinders and body-centeredcubic spheres, besides, a series of gyroid morphologies predicted by theoretical research have been identified. What's more, it is easier for the (A x ) n (B y ) n copolymers than for corresponding (A x B y ) n ones to trigger microphase separation under the same conditions. The aim of this work is to make a preliminary investigation on the microphase-separating behaviors of star-diblock copolymers in thin films by DPD simulation technique and attempt to explore the influence of one-dimension confinement on these systems.
II. SIMULATION METHOD AND MODEL CONSTRUCTION
The DPD method was first introduced by Hoogerbrugge and Koelman [29, 30] and gradually improved by various authors [31, 32] . It has been applied to a wide field and proved to be a versatile simulation technique for complex fluids on the mesoscopic scale [33−35] . The elementary units in DPD are fluid elements or coarse grained soft particles representing a small region of fluid that contains a group of molecules. The time evolution is governed by Newtonian equations of motion [32] . The interparticle interacting force f i contains three parts, each of them is pairwise additive,
The dissipative force F D ij and the random force F R ij act as heat sink and source, respectively, and the conservative force F C ij is a soft repulsive force acting along the line of centers expressed as
where a ij is a maximum repulsion between particle i and particle j, r ij =r i −r j , r ij =|r ij |,r ij =r ij /|r ij |. The cutoff radius r C is treated as a length unit. The combined effect of F mostat. They are given by
where ω D and ω R are r-dependent weigh functions and v ij =v i −v j . The ζ ij is a random variable with zero mean and unit variance. Español and Warren have shown the relations between the two weigh functions as [31] 
where T is the absolute temperature and k B is the Boltzmann constant. This relationship is established to satisfy the fluctuation-dissipation theorem, so that the system can ensure (angular) momentum conservation leading to an accurate description of hydrodynamics [36] , the DPD method can therefore produce a correct canonical ensemble [31] . In most relevant researches, a simple choice of the weigh functions is used,
The star-diblock copolymers in simulations are modeled entirely according to the sketches demonstrated in Fig.1 . As shown in Fig.2 , each star copolymer is constructed by four identical linear A x B y diblock free chains jointed together through a central particle C which is considered to be similar to either of the blocks. The copolymer is expressed as (A x ) 4 (B y ) 4 and (A x B y ) 4 , respectively; a single linear chain consists of ten soft particles with the same diameter r C , i.e. x+y=10 and there are totally 41 particles in a single star copolymer. The soft particles in a chain are connecting one by one via the harmonic springs with a spring force F S ij =Cr ij .
The initial linking bond lengths between the neighboring particles are all set equal to unit length.
In this work, we adopted a 3D rectangle simulation cell of size 41(x)×41(y)×L(z) with periodic boundary conditions applied in the x and y directions. As a confinement, two impenetrable boundaries are set in the z direction, the distance between which (the thickness of film) is L and both of which give each near particle an identical weak repulsion a pb for keeping it at a distance from either boundary. In order to prevent any particle from moving beyond the system, particles running into the z-direction boundaries can be bounced into a symmetric trace without energy lost, i.e., the velocity direction of each bounced particle is not changed in the x and y directions, while it is absolutely opposite to that before being bounced in the z direction. The number density ρ=3.0, which is the common choice in the majority of corresponding DPD studies. The reduced temperature of the whole system k B T =1.0. According to relevant research [32] , the repulsing strength between particles of the same type, i.e., a AA , a BB , and a CC are all set as 25.0. For inter-particle similarity, a AC and a BC are both chosen as 25.0, too. The interaction between particle and boundary is considered to be similar to that between particles of the same type, thus a pb =25.0. The A-B interacting energy a AB is chosen as 50.0, 75.0, and 100.0 corresponding to the conditions of weak, medium and strong repulsions, respectively (abbreviated separately as WR, MR, and SR). L is set in the range of [6, 18] with fixed interval. The standard deviation of random force σ=3.67 and the spring parameter C=4.0. The standard velocity-Verlet scheme [32] is adopted for integration and corresponding step ∆t=0.05. For each system, 5×10
5 time steps per simulation are carried out.
III. RESULTS AND DISCUSSION

A. General description of the microphase-separating behaviors
A variety of mesoscopic structures have been obtained by varying the composition fraction of A f A (calculating except C, i.e., f A =x/(x+y) and f A +f B =1) and the thickness of film L in WR, MR and SR systems, such as micelle (M), parallel tube (PT), random tube (RT), island (IS), connected island (CIS), helix (HE), maze (MA), and lamella (LAM), as displayed in Fig.3 . Each morphology is obtained by calculating the A/B dividing surface on which the densities of A and B are equal, the visible part represents the A-rich domains and the remaining space is the B-rich domains. Phase diagrams of star (A x ) 4 (B y ) 4 and (A x B y ) 4 copolymer films with L as ordinate and f A as abscissa are shown in Fig.4 and Fig.5 , respectively, in which the symbol "DIS" stands for disorder state and either of which includes WR, MR, and SR conditions denoted by (a), (b), and (c) in Fig.4 and vious that each phase diagram of (A x ) 4 (B y ) 4 is absolutely symmetric compared to that of (A x B y ) 4 , which is in conformity with respective structural characteristic and similar to their behaviors in bulk explored by our previous work [28] . Additionally, as the most ier for the (A x ) 4 (B y ) 4 than for the (A x B y ) 4 to carry out microphase separation under the same conditions, which can be attributed to the structural difference between the two types of star copolymers elucidated distinctly in Fig.2 , and the A and B segments are entirely separate in each arm of (A x ) 4 (B y ) 4 , while in (A x B y ) 4 they are mutually mixed in each arm. Again, this phenomenon has been discovered previously in bulk [28] .
B. Further analysis of the phase diagrams
The microphase-separating structures formed in diblock copolymers are determined by a competition between the two blocks. Either of the blocks would prefer to be on the convex side of a curved interface which can give it more available space close to the interface for relaxing. The competition is governed by the relative degrees of polymerization of the two blocks. If the two blocks have comparable composition fractions, the balanced competition would result in flat interfaces. If they are not comparable, curved interfaces would be formed in which the block with the larger composition fraction relaxes on the convex side and the smaller block stretches on the concave side. Consequently, LAM and MA are usually the preferring morphologies if f A is comparable to f B (f A =0.4−0.6). As the difference between f A and f B becomes more apparent gradually (f A =0.1−0.3, 0.7−0.9), a variety of stable structures with more asymmetries appear, such as HE, CIS, IS, RT, PT and M. It has been disclosed by careful comparisons that there should be some correspondences between the mesoscopic structures formed in the film and those formed in bulk at the same composition fraction [28] , just as Fig.6 illustrates, M in the film corresponds to body-centered-cubic spheres (BCC) in bulk, PT and IS in the film corresponds to hexagonal cylinders (HEX) in bulk, besides, HE and LAM in the film can both find their respective correspondences in bulk, too. As for the thickness of film, the bigger L is, the more particles are in the film, and thus it is more difficult for the whole system to carry out microphase separation, which leads to mesoscopic structures degenerating in the degree of order. For example, as L increases, PT transits gradually to RT, IS degenerates to CIS and then to HE. With respect to A-B interacting energy, stronger repulsion means stronger separation between A and B components leading to more ordered microphase-separating structures. For instance, as a AB increases (Fig.4 and Fig.5 (a)→(b)→(c) ), some of MA, HE, CIS, and RT phases disappear and change respectively to LAM, CIS, IS, and PT phases.
C. Microscopic morphology
A curly copolymer chain in a mesoscopic system can be imaged as an irregular ball and its microscopic morphology can be characterized effectively through its ra- dius of gyration defined by the following equation,
where M is the number of particles in a star chain, r i and r cm denote the position vector of each particle in a star chain and the center of mass for the whole star chain, respectively. means ensemble average. We focus solely on its component in the confinementintroducing direction. Figure 7 demonstrates the variations of mean-square radius of gyration in the z direction, R Fig.2 , particles in an (A x ) 4 (B y ) 4 star chain are more centralized compared to those in a (A x B y ) 4 star chain, the R 2 g-z of the former should be smaller. Generally, the R 2 g-z increases as the A-B interaction strengthens. This is mainly because that stronger repulsion between particles of different types can make the copolymer chain more stretched, thus the imaginary copolymer ball is bigger. What's more, the thicker the film is, the more space copolymer chains can own for stretching, thus R 2 g-z increases significantly.
On the composition dependence, as f A changes from 0.1 to 0.9, R 2 g-z in most (A x ) 4 (B y ) 4 films decreases to a minimum first, then increases symmetrically. Referring to Fig.2 , when the structure of an (A x ) 4 (B y ) 4 copolymer is asymmetric, the particles in it will be relatively distant from the center of mass, thus the value of R 2 g-z is large. As the structure becomes more symmetric, the component particles will be comparatively near the center of mass, R 2 g-z decreases naturally and reaches the minimum at f A =0.5. Meanwhile, as mentioned above, stronger A-B repulsion and thicker film can both increase the R 2 g-z . As a combined effect, apparently abnormal ascending trends occur in some curves. As for the (A x B y ) 4 films, when f A becomes relatively comparable to f B , the number of possible A-B repulsion pairs increases causing the increase of R 2 g-z . Obviously, this effect is more prominent in thicker or stronger-repulsing films. The asymmetries in the curves can be attributed absolutely to the structural characteristics.
